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Abstract 
Nanocrystalline cellulose (NCC), a nano-scaled crystalline cellulose colloid obtained from plant 
mass, is regarded as a potential material to produce an ultra-tunable colloid hydrogel with 
promising properties, due to its biocompatibility, biodegradability, non-toxicity, and 
abundance. The rod-like shape of NCC particle enables it to form structure and consequently 
gel more easily than common spherical colloids. Hydroxyl group and sulphate group result in 
the relatively strong surface charges, which allows an almost arbitrary adjustment of particle-
particle interaction, such colloidal gels can always have tremendous tunability. For 
suspensions of charged colloids, the gelation can be induced by elevating the ionic strength of 
the solution to a critical value.  Physical properties such as rheology and mechanical strength 
of colloidal hydrogel can be altered by controlling gelation route which is influenced by the 
microscopic structure formation and macroscopic phase separation. The effect of ionic 
strength on the gelation of colloidal suspension has been extensively studied. However, 
relatively few work have been done on the ion specificities on the colloidal stability and hence 
the gelation route of colloidal rods suspensions in terms of chaotropic/kosmotropic nature of 
ions.  
In this work, various anions and cations are used to trigger the gelation in NCC suspensions. It 
is found that the influence of anions on NCC suspensions gelation obeys Hofmeister series.  
Acetate and chloride ions promote gel formation and nitrate, thiocyanate, perchlorate ion 
tend to suppress gel formation. At 50mM salinity, gels from 5 different anions have different 
storage modulus (G’), ranging from ca. 100Pa using NaClO4 to ca. 800Pa using NaAc. The 
influence of cation is complex, besides the Hofmeister effect, ion volume and charge density 
can also influence gelation routes. Sodium and potassium ions promote gel formation, whist 
lithium and ammonia ion tend to suppress gel formation. At 50mM salinity, with all salts 
except (CH3)4NCl, gels are formed. The gel points of 8 different salt are found to be almost 
same from the self-similar relaxation theory i.e. ~40mM.  It can conclude that different kinds 
of salt can affect the gelation route and result in different apparent gel-like rheology 
behaviours, but not significantly influence the actual gel point defined by a more rigorous 
theory. The results of current work demonstrate how salt types influence gel formation of 5wt% 
NCC suspensions. More salinities would be included in the future work to reveal the impact of 
specific ions on gelation and resultant gel properties.   
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1 Introduction 
This report includes the experimental study of the specific ion effect on rheology and 
structural properties of nanocrystalline cellulose (NCC) aqueous suspension. The work intends 
to present the tunable gelling behaviour of NCC suspension and the controllable properties of 
the resultant gel as the result of using different types of salts. It also aims to provide an 
understanding of the relationship between macroscopic properties and the microscopic phase 
behaviour of NCC suspension and to reveal the underlying mechanism according to colloidal 
stability.  
1.1 Motivation 
Materials that are strong, light in weight, environmental friendly, and with tunable physical 
properties are always desired. Colloidal hydrogel, a dispersion of fine network in an aqueous 
phase with solid-like response, gains increasing scientific attention as a potential material that 
may able to fulfil above criteria. Colloidal suspension has significant advantages with respect 
to its atomic rival due to its relatively larger dimension and ultra-tunable particle 
interaction[1]. The great tunability of colloidal gel enable us to manipulate colloidal system in 
the way features the desired physical properties such as rheology and mechanical strength. 
Such a flexibly controllable response of colloidal gel is ultimately due to the almost arbitrary 
adjustment of particle-particle interaction [1]. Though complex in nature, colloidal interaction 
is theoretically described by interparticle potentials. The most famous example is DLVO (Boris 
Derjaguin and Lev Landau, Evert Verwey and Theodoor Overbeek) potential which combines 
van de Waals attraction and electrostatic repulsion[2]. Based on this theory, we are able to 
engineer properties of colloidal system by simply changing the composition such as adding 
salt ions to control particle interaction. 
Colloidal hydrogels range in composition, and most of them contain a network formed by 
colloids and an aqueous phase[3]. The gelation of colloidal system can conduct either 
chemically or physically. The chemical gelation is an irreversible route which produces 
permanent but less tunable structure[4]. The physical gelation resulted from interparticle 
attraction is accompanied with phase separation[5], therefore the physical gel is often 
considered thermodynamically unstable and is known as metastable gel or biphasic gel. Due 
to this nature, besides the composition, specific route from which the gel forms can have 
significant effect on structure and property of the gel, e.g. heating rate can influence phase 
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separation process and consequently the morphology of thermal induced methylcellulose 
hydrogel [6].In the ionic strength induced physical gelation, the interparticle attraction is 
achieved by screening of particle surface charges by ions. The specific ion effect, namely 
chaotropic and kosmotropic, can interfere the stabilisation of particles in aqueous medium, 
influencing phase separation process, and consequently properties of resultant gel[7, 8]. Such 
effect has been studied for a long time as it opens up great possibilities to create a colloidal 
model with ultra tunable structure and property, which is interested by many application 
including the design of new materials. 
Nanocrystalline cellulose (NCC) is nano-scaled crystalline cellulose obtained from hydrolysis 
of plant mass, and are biocompatible, biodegradable, non-toxic, abundant in source, and 
inexpressive[9, 10].  NCC particle is a kind of rod-like colloid, typically 100~1000 nm in length 
and 5~30 nm in width[11]. Without additional modification, the surface of NCC particle is 
negatively charged due to exposed hydroxyl groups and other substitute anions such as 
sulphate group if hydrolysed in sulphuric acid[12, 13]. The particle shape and charged surface 
make the NCC a   great candidate in preparing an ultra-tunable colloidal hydrogel that the rod-
like colloids can more easily form a structure at a significantly lower concentration than 
spherical ones, and the charged surface provides a basis of controllable particle interaction by 
electrostatic screening effect[12, 14]. Because of these advantages, NCC is considered as a 
potential material in many applications such as rheology control, catalytic scaffolding, drug 
delivery, tissue engineering etc.[12].  Although the excellence of NCC hydrogel has been 
recognized, relatively few work are done to investigate how the rheological and physical 
properties of such a gel can be affected by types of salts which are deemed to result in 
different gelation route. Therefore, by having this work, we can not only provide a 
comprehensive understanding of specific ion effect in properties of NCC hydrogel, but also lay 
the ground work about the mechanism about gelation behavior of colloidal system affected 
by different natures of ions.  
1.2 Scope 
This work aims to investigate the specific salt effect on the rheology and phase behavior of 
NCC aqueous suspension at a range of ionic strength achieved by different types of salt. It 
provides a comprehensive characterization of rheological and phase behavior of NCC 
suspension over a range of composition. It is also able to provide an understanding about the 
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relationship between gelation route and gel properties of colloidal suspension. Specific 
objectives are:  
1. Specific ion effect on the gelation of NCC aqueous suspension 
The structures of gels from different formation routes are different, resulting in various 
properties. Different ions affect the routes of gelation and consequently the resultant gel 
properties[1]. Although background theories are well established, few studies are done to 
investigate how types of ions can result in colloidal gels with different properties. And there 
is basically no work is done to systematically describe the rheology and gelling behaviour of 
NCC suspension with different kinds of salts. Therefore, through this work, it is important to 
lay the ground study about the specific ion effect of the gelation of NCC suspension and to 
provide a route to achieve colloidal gels with controllable mechanical properties by using 
different kinds of salts.  
2. Correlating the gelation, the phase separation process, and the particle surface potential 
Physical gelation is always achieved through a non-equilibrium route i.e. via phase 
separation[1]. Critical concentration of phase separation in NCC suspension forming a gel is 
dependent on the ionic strength of the solution. However, the macroscopic gelation is not 
only characterised by such a critical ionic strength but also the route of this non-equilibrium 
phase separation process e.g. the phase separation rate, the percolation dimension, and the 
growth of the particle aggregation. These factors are results of particle interaction, which is 
ultimately controlled by interparticle potential according to DLVO theory. Different types of 
salts can result in different dependency of particle surface potential e.g. zeta potential on the 
salinity, depending on their abilities to stabilise or destabilised the suspension. Therefore, to 
correlate the ion effect on the particle surface potential and the gelation can benefit to the 
understanding of the underlying mechanism of the specific ion effect on NCC suspensions. 
This work is to investigate how different types of salt can affect the particle surface potential 
and how such a difference can influence the gelation process and the property of resultant gel 
of NCC suspension. 
1.3 Report outline 
This report basically consists two parts: a literature review and a discussion of results.  
The literature review give a summary of background knowledge and recent progress in 
relevant fields, including:  
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1. Morphology and properties of NCCs; 
2. Rheology of gels and viscoelastic materials; 
3. Colloid stability and phase behaviour; 
4. Physical gelation of colloidal system; 
5. Specific ion effect in phase separation; 
6. Several relevant previous work and their limitations. 
The experimental results include:  
1. Shear and small amplitude oscillatory rheology of NCC suspensions with a range of 
compositions;  
2. Ionic strength induced phase behaviour and gelation of NCC suspension via different types 
of salt;  
3. Aggregation and colloidal stability of NCC suspension via different types of salt.  
A conclusion and a discussion of further work is given at the end.  
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2 Literature Review 
The review of literature summaries relevant knowledge about this project. Backgrounds of 
nanocrystalline cellulose (NCC) is introduced first, providing basic information about 
properties and advantages NCC. Rheology science is the second part, in which definitions and 
properties of gel, viscoelastic materials, and rod suspensions rheology are provided. The 
colloidal chemistry, illustrating the stability and phase behaviour of colloid dispersion, is 
reviewed subsequently. Different gelation methods are also summarised. The last section 
summaries some directly relevant work. 
2.1 Nanocrystalline cellulose (CNC/NCC) 
Nanocrystalline cellulose (NCC) is a renewable, strong, and low-cost material. NCC is nano-
scaled and negatively charged rod- like colloid of crystalline cellulose obtained from acid 
hydrolysis of plant mass [4, 12]. Figure 1 is a typical TEM picture of NCC particles. 
The morphology of NCC is quite variable, and it depends on cellulose source and reaction 
conditions [11, 15]. Light scattering techniques and various kinds of microscopies, e.g. TEM, 
AFM, SEM, are applied to determine precise morphological characteristics of NCC[11]. It is 
reported that the width of NCC is a few nanometers, NCC from wood has a width of 3-5 nm, 
while this for volonia is 10-20 nm. The length of wood NCC is 100-200 nanometers, while 
tunicate NCC has a length of 3000 nanometers. The ratio of length to width is defined as the 
aspect ratio, an essential property can influence NCC`s rheology properties. It is reported that 
NCC from different source have aspect ratio varies from 10- 30 for cotton and up to 70 for 
tunicate[11, 16]. 
 
Figure 1 TEM image of NCCs. Reproduced from ref [15] 
Large aspect ratio and the high density of surface hydroxyl groups enable NCC particle easily 
dispersed in aqueous forming suspensions. NCC aqueous suspension have unique rheological 
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properties, whereby aqueous NCC suspensions exhibit lyotropic phase behavior [4, 12]. 
Isotropic rod-like particle suspension behavior occurs at low concentrations, and with the 
further increasing NCC concentration, isotropic suspensions transition to biphasic suspensions 
consisting an ordered nematic phase. Above a critical concentration, NCC suspensions are able 
to form a chiral nematic liquid crystalline ordered phase [13, 17]. The formation and 
characteristics of formed liquid crystalline phase are determined by the dimensions and 
surface charges of the NCC particles, the ionic strength of the system and the nature of the 
counterions [17]. At a higher concentration, the NCC suspensions can transition in to gel-like 
materials[18].  
2.2 Background of Rheology 
2.2.1 Viscoelasticity 
Most colloidal gels behave viscoelastically. Viscoelasticity is the property of materials that 
exhibit both viscous and elastic characteristics[19]. Ideal elastic materials can be considered 
as having a perfect memory for their non-deformed reference configuration, they strain when 
stretched and quickly return to their original state once the stress is removed [4]. By contrast, 
when a stress is applied, viscous material resist flow and strain linearly with time. Viscoelastic 
materials have both viscous and elastic elements, and the relationship between stress and 
strain depends on time [18].  
Oscillatory flow is a kind of measure that characterise viscoelastic materials by imposing 
oscillatory strain in a range of frequency which is the number of oscillations per unit time. The 
relationship between frequency and oscillation is defined as: 𝑓𝑓 = 1
𝑇𝑇
 , f is frequency (Hz), T is 
time of per oscillation(s)[20].  
The measurement of viscoelasticity is ultimately governed by Hooke`s law,𝜎𝜎 = 𝐺𝐺∗𝛾𝛾. G* is 
complex modulus, G*=G’+iG’’, in which G’’, the loss modulus, respects the viscous part and G’, 
storage modulus, describe the elastic part. 𝜎𝜎  is shear stress and 𝛾𝛾  is stain. A viscoelastic 
material can also be described by a complex viscosity η*, similar to the complex modulus 
G*, 𝛾𝛾∗ = 𝜂𝜂′ − 𝑖𝑖𝜂𝜂′′. The complex modulus can be obtained by oscillatory experiments[2].  
The Maxwell model is widely applied to explain viscoelasticity, by which a viscoelastic system 
can be represented by a purely viscous damper and a purely elastic spring connected in 
series[20], as shown in Figure 2. 
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Figure 2 Maxwell mode. Reproduced from ref. [20] 
A simplified picture of G*(ω) is provided by a modified Maxwell model (shown in Figure 3), 
described as [4]: 
 
𝐺𝐺′ = 𝐺𝐺𝑀𝑀𝜔𝜔2𝜏𝜏21 + 𝜔𝜔2𝜏𝜏2 (2-1) 
 
𝐺𝐺′′ = 𝜔𝜔𝜏𝜏𝐺𝐺𝑀𝑀1 + 𝜔𝜔2𝜏𝜏2 + 𝜔𝜔𝜂𝜂′∞ (2-2) 
G′ - storage modulus [N. m−2]; G′′- loss modulus [N. m−2]; GM- a constant storage modulus; ω-
frequency; τ-a characteristic time of the material: the relaxation time; η’-the dynamic 
viscosity,𝜂𝜂′ = 𝐺𝐺′′
𝜔𝜔
; 
Comparing with standard Maxwell model, the modified model has an additional viscous term 
𝜔𝜔𝜂𝜂′∞  in G’’. As indicated in Eq(2-1)and Eq(2-2), in low frequency limit, the relationship 
between G’, G’’ and ω are:  
 𝐺𝐺′′ ∝ 𝜔𝜔,𝐺𝐺′ ∝ 𝜔𝜔 2 (2-3) 
G’’ is linear to frequency, indicating the dynamic viscosity tends to a constant low-frequency 
limit. In a lower frequency, the elastic part decreases faster than the viscous one, resulting in 
an essentially viscous response when approaching the limit of zero frequency. For a Maxwell 
fluid, at a frequency ω= 1/τ, transition from predominantly viscous to elastic behaviour occurs. 
For gelled material that the relaxation time is often sufficiently large, it tends to have a 
constant G’ that is independent from frequency as seen in Eq (2-1). Such a behaviour is 
signalled by a plateau of G’ over a range of measurable frequencies e.g. 1~100 Hz.  
 
Figure 3 Modified Maxwell Model (solid line G′, dashed line G′′) with η'∞/τ. Reproduced from ref .[4] 
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2.2.2 Gel 
A gel is a solid -like material that can have properties ranging from soft and weak to hard and 
tough [21]. In the steady state, gels do not flow but possess solid-like properties due to a 
three-dimensional cross-linked network within the liquid [22]. The crosslinking within the fluid 
gives a gel its structure[23].  
The gel is often formed by the elevating solid content or the increasing particle-particle 
interaction. The rheological properties change significantly around the gel point: the viscosity 
diverges and a low frequency plateau develops in the G′–ω curve[20]. As illustrated in Figure 
4, the G’ decency on frequency has changed from power-law relation for liquid behaviour to 
a plateau for solid behaviour when crossing the gelation temperature. The plateau G’ has been 
experimentally proven proportional to the volume fraction by a power law relation when Φ is 
not in close proximity to φgel [4] : 
 G′ ∝ ϕµ (2-4) 
G’ is storage modulus, Φ is particle volume fraction, μ=3-5 for spheres and is not well defined 
for anisotropic particles. 
 
Figure 4 G′ (closed symbols) and G′′ (open symbols) from frequency sweep measurements at temperatures 
around the gel point. Reproduced from ref.[24] 
Apart from the moduli, the yield stresses can also provide an indication of gel properties. The 
interparticle attraction has direct influence on yield. The yield stress is proportional to the 
number of “bonds” in the system and the force required to pull these bonds apart i.e. bond 
strength[2]. The bond strength is the maximum force required to pull the bond apart and is 
the peak of the potential curve [4]: 
 
𝜎𝜎𝑦𝑦~𝜙𝜙2𝑎𝑎2 �𝑑𝑑𝜙𝜙𝑑𝑑𝑑𝑑�𝑚𝑚𝑚𝑚𝑚𝑚 (2-5) 
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𝜎𝜎𝑦𝑦-Yield stress; 
𝜙𝜙2
𝑚𝑚2
-the number of bonds per unit area; r- distance from centre of particle; 𝜙𝜙- 
particle volume fraction.   
For semi-dilute suspensions, yield stress is proportional to the interparticle attraction and the 
square of volume fraction. Considering DLVO theory, the yield stress should scale with the 
square of zeta potential (shown in Figure 5) [24] .   
 
Figure 5 Evolution of the yield stress with the square of the zeta potential, for 220nm PMMA dispersions at two 
ionic strengths. Reproduced from ref.[24] 
2.3 Colloidal Stability and Phase Behaviour  
In colloid dispersions, two or more particles interact via dispersion, surface, depletion, and 
hydrodynamic forces with the differences in the source of interaction. These forces can lead 
to stabilization and destabilization of colloid when the colloidal particles approach to within 
the range of the interaction[20].  
One of the famous theory describing the interparticle potential is the DLVO theory which is 
named after Derjaguin, Landau, Verwey, and Overbeek. It explains the stability of colloidal 
suspension in which two forces are considered to impact the colloidal stability: Van der Waal 
attraction and electrostatic repulsion. 
Figure 6 shows a plot of the DLVO potential curve. 
 
Figure 6 Interaction (DLVO) potential for 100 nm radius colloid particles with a surface charge of 25mV and 
Hamaker constant of 10 kBT at a salt concentration of 50 mM. The solid line is the total potential, composed of 
the van der Waals`s potential (dashed line). Reproduced from ref.[4] 
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The stable and unstable state of colloidal system make it able to transit between phases in 
order to minimise the total free energy. In a simplest case, i.e. Brownian hard sphere is in a 
fluid state at low volume fraction, the suspension is stable as Brownian motion drives the 
particles to uniform density and a random distribution in the suspending fluid. Adding 
additional particles can lead to a crowding and result in a fluid-crystal phase transition[23].  
Colloidal phase behaviour besides the excluded volume effect can be complicated by kinetics 
of aggregation, gelation, and glass formation. Figure 7 shows a simplified phase map of a 
colloidal system. At high values of sticky parameter (no attraction), increasing colloid 
concentration leads to crystallization or glass formation. At low to moderate colloid 
concentration, lowering sticky parameter (increase particle attraction) leads to a phase 
separation in to colloid-rich and colloid-lean phases that is comparable to the gas-liquid 
separation in atomic or molecular model. There is a dynamic percolation line that separates 
liquid from gel that, for a range of solid content, the system tends to transit from liquid 
behaviour to solid behaviour at a critical value of attraction[4].  
 
Figure 7 Phase and state diagram for colloids with short-range attractions. Reproduced from ref. [4] 
2.4 Gelation 
Gelation is one type of transition from liquid to solid response by forming a network structure 
with the colloidal system. Physical gels are gels in which bonds originate from physical 
interaction of the order of kBT, so their bonds can reversibly break and form. By contrast, 
chemical gels have permanent bonds[11]. 
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Percolation is regarded as a transient state between liquid and solid in physical gel-forming 
systems that particles are loosely and reversibly attached with a few nearby particles. 
Therefore, percolation can be regarded as a cluster with a finite size that at this stage, 
attraction strength is not enough to form an infinite-size aggregate i.e. gel. Large attraction 
strengths can cause a phase separation (colloid rich and colloid poor) resulting in a metastable 
gel. Physical gelation always associate with a phase separation. 
Gelation can process by equilibrium or non-equilibrium routes. The equilibrium gelation has 
three characteristics: (1) It arises from phase; (2) The competition of long range repulsion and 
short range attraction leads to equilibrium gelation; (3) Particles with directional (or patchy) 
produced equilibrium gels [1]. In low density, with or without the intervening of separation is 
a crucial distinction between different types of arrest.  
Figure 8 is a schematics of non-equilibrium gelation. The binodal respects two phases coexist 
in thermodynamics, but these two phases are fully mixed rather than being separated[1].    
Phase separation occurs when the suspension is “quenched” across spinodal line. [1]. 
 
Figure 8 Schematic picture of the interrupted phase separation or arrested spinodal scenario. A quench into the 
two-phase region may lead to an arrest of the denser phase. Reproduced from ref.[1] 
If the phase separation is suppressed sufficiently, gelation can occur in an equilibrium, or close 
to equilibrium route, like that occurs during annealing. During the equilibrium gelation, the 
equilibrium time is long enough as the gel state is reached continuously from an ergodic phase. 
Equilibrium gel maintains the same consistency throughout its structure and is stable, which 
means it hardly separates into a more solid-like phase and a more liquid-like phase[1].  
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2.5 Specific Ion Effect in Phase Separation  
2.5.1 Indirect ion-macromolecules interactions  
The nature of ions can affect the stability of particle in suspension and consequently influence 
the phase separation and gelation of a colloidal system. The ions can be separated into two 
groups, chaotropes or kosmotropes, based on their perceived influence on the water structure. 
Chaotropes and kosmotropes exhibit distinct properties in aqueous solutions[7] that the 
sequence of ions to promote or prohibit the colloidal stability is summarized as Hofmeister 
series as illustrated in Figure 9. The ions on the left side of the series are defined as 
kosmotropes, and they exhibit strong interactions with water molecules. By contrast, the ions 
on the right side of the series are defined as chaotropes which are weakly hydrated. Collins 
[25] provides an explanation of the difference between interactions of kosmotropes 
chaotropes with water molecules. The interfacial region near a solute can be separated into 
three layers (Figure 10). The insertion of kosmotropes decreases the water accessible area of 
the solute, which thus reduces the solubility of the colloids. In contrast, chaotropes increase 
the water accessible surface area of the solute, and enhance the colloidal solubility.  
 
Figure 9 Hofmeister series. Reproduced from ref. [7] 
 
Figure 10 Schematic of indirect ion-macromolecules interactions. Reproduced from ref. [25] 
Based on the relationship between colloidal stability and types of salts in the solution, the 
Hofmeister series is proposed as a tool to control the phase separation and the consequent 
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gelation of colloidal systems to form hydrogels with a range of available structures and 
properties.  
2.5.2 Direct ion-macromolecules interactions 
Besides of influence of ions on water structures, direct ion pairing should also be considered 
when evaluating the specific ion effect on the gelation of a colloidal system.  
Ion pairing refers to the interaction between a cation and anion which is strong enough to 
form a temporary neutral species. The law of matching water affinities (LMWA) to explain the 
ion-specific pairing between cations and anions (Figure 11) [25]. When the ions in a salt are 
matched in water affinity (i.e. kosmotrope-kosmotrope or chaotrope-chaotrope), heat is 
absorbed during salt dissolution, suggesting no strong interaction between ions and water 
molecule, and the ions with oppositely charged in the dissolved salt tend to pair with each 
other. In contrast, the constituent ions with mismatched water affinity (chaotrope-
kosmotrope or kosmotrope-chaotrope salts) releases heat when dissolving in water, which 
suggests strong interactions of chaotropes with water and that the ions with oppositely 
charged in the dissolved salt have separated [25].  
 
Figure 11 (a) the law of matching water affinities. The tendency of oppositely charged ions to form contact ion 
pairs depends on the matching in ion size between the cation and the anion. (b) The volcano plot describes the 
relationship between the standard heat (q) of solution of a crystalline salt at infinite dilution and the difference 
between the absolute heats (WX--WM+) of hydration of the corresponding individual gaseous anions and 
cations. Reproduces from ref. [25] 
2.5.3 Large Counterions 
Generally, the DLVO theory is used to describe the stability and coagulation regimes of 
colloidal solutions with electrolytes in terms of changes in potential energy barrier between 
two colloids. However, with the presence of large counterions, the potential energy curve of 
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colloids with these electrolytes deviates from typical DLVO behaviours. It is reported that large 
counterions boost the stability of the colloid suspensions by considerably increasing the 
effective short-range repulsions between macroions. Thus, phase separation is anticipated to 
be suppressed because of the presence of large counterions [26]. 
2.5.4 Anions and cations 
For colloid suspensions, the effects of anions and cations in phase separation are different. 
Anions appear to have a more profound effect than cations in uncharged systems[27]. The 
more hydrated anion can more effectively polarize the hydrogen bonding between particles 
and water molecules resulting in a lower colloidal stability and consequently phase 
separation[25]. In general, cations are more hydrated than anions [8]. 
As addressed by Bostrom, in the case of negatived charge colloids, the relative influence of 
anions on the physical properties of colloids follows a direct Hofmeister series [8]. By contrast, 
the effects of cations in phase separation are more complex. Direct ion-macromolecules 
interactions and ion volume can alter the relative influence of cations on stability of colloid 
suspensions. Besides, the cations whose charge densities are high, e.g. divalent cations and 
Li+, have a tendency to associate with the particles by electrostatic interactions[27]. 
2.6 Summary of relevant work 
Rheology and gelation of NCC suspension are attracting increasing scientific attentions, and 
the most relevant work is summarized in this section. 
In 2011, E. Esteban published an article about fundamentals of rheology and phase behavior 
of NCC[13]. In this article, the effects of concentration and temperature on the microstructure 
and shear response of aqueous sulfonated NCC suspension are reported. Figure 12 illustrates 
the linear viscoelastic properties of NCC suspension at different volume fraction. When the 
NCC concentration is below 10.4vol%, NCC suspensions behaves as viscous fluids. For the 
concentrations of 12.1vol% and 12. vol%, an elastic behaviour was dominant. The G’ values of 
14.5 and 17.3vol% samples are independent of frequency, which represents the sol-gel 
transient.  
Figure 13 shows the storage modulus increasing NCC concentration; phase boundaries are 
based on microscopic observation via crossed polarisers. NCC suspension starts from isotropic 
region at low concentration. Isotropic and liquid crystal coexists for concentration between 
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2.8vol% and 10.2vol%. Liquid crystal and gel are formed at high concentrations. According to 
this figure, within the biphasic region, storage modulus is increasing with NCC concentration. 
The increase of the concentration into the gel region leads to a plateau for storage modulus. 
 
Figure 12 linear viscoelastic properties of NCC suspension at 17.3vol% (red solid diamonds), 14.5vol % (blue solid 
squares), 12.6vol % (black stars), 12.1vol % (orange solid triangles), 10.4vol % (purple solid circles), 9.03vol % 
(red open diamonds), 7.69vol%(blue open squares), 6.30vol%(orange open triangles), and 5.00vol%(purple open 
circles). Reproduced from ref.[13, 28] 
 
Figure 13 storage modulus versus concentration at 0.1 rad/s (red diamonds), 1.0 rad/s (blue squares), 10 rad/s 
(orange triangles), and 100 rad/s (purple circles). Reproduced from ref.[13] 
In this work, it shows phases that are possible to form in NCC aqueous suspension, and 
provides basic rheological characteristic of each phase. However, the phase transition is only 
resulted from the increasing solid content, which neglect the complexity of the phase 
transition due to the alterable colloidal interaction within the suspension. 
In Mokit Chau et al.’s work, the influence of ions in gel formation was included. Ions with 
higher charge number could more effectively reduce the Debye length of NCCs, thereby favour 
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gel network structure formation[29]. They also provided a phase diagram, in which solid and 
liquid regions are separated. However, this dividing of phases is too simple that it failed to 
show the complexity of the phases that may present in a colloidal rod suspensions.   
In Xu et al.’s work in 2017, the complex phase behaviour of NCC suspensions due to the 
impacts NaCl concentration were studied and provide a phase diagram with phases 
complexity [12]. Figure 14 shows zeta potential measurements and viscosity of 5wt% NCC 
suspensions. Colloidal suspensions with an absolute potential above 30mV can be seen as 
electrostatically stable. According to this figure, NCC suspensions is destabilised when 
NaCl >10mM. A minimal viscosity is obtained at a concentration of 10mM NaCl due to that the 
electrostatic screening effect compresses the surface double layer and reduces the specific 
volume occupied by the NCC rods and thus the effective volume fraction.  
 
Figure 14 Zeta potential of NCC particles (dilute concentrations) and shear viscosity at 1 s-1 for 5 wt% NCC 
suspensions as a function of NaCl concentration. Reproduced from ref.[12] 
By correlating the rheology and the colloidal stability of NCC suspension, a phase diagram of 
solid content and NaCl concentrations is provided in Figure 15. It shows the complex phases 
behaviour that can presents in NCC suspension over a range of compositions. Suspensions 
within the boundary of each phases have characteristically different microstructure, and is 
therefore deemed to behave differently in the rheology.  
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Figure 15  A schematic of the phase behaviour of NCC suspension with different concentration of NaCl 
concentration in water based. Reproduced from ref.[12] 
As reviewed in previous session, different ions can affect the colloidal system in the way that 
either promote or prohibit the stability of suspension. As the result, the salt-concentration 
phase behaviour of NCC suspension can differ from types of ions used to achieve a certain 
range of ionic strength. Consequently, the gelation process and the structure and property of 
resultant gel can be different if the NCC suspension is gelled with the presence of different 
ions.  Therefore, in order of a more comprehensive understanding of the relationship between 
colloidal stability and gelation and of achieving a colloidal system with ultimately tunable 
properties, it can be of great importance to further investigate the extended complexity of 
phase behaviour in NCC colloidal suspension due to the specific ion effect.  
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3. Materials and methods  
3.1 NCC Suspension 
The NCC samples used in experiments were sourced from Maine University Process 
Development Centre (Orono, ME) as 11.9 wt% NCC aqueous suspension with 0.9 wt% sulphur 
on dry NCC sodium form which is equivalent to 4.62 SO3- per 100 anhydroglucose units [30]. 
5%wt NCC suspensions were prepared by diluting with deionized water.  
9 types of salts are included. The NCC suspensions with different salt concentrations were 
prepared by adding different volumes of concentrated (2 M) salt solution into pre-prepared 
5wt% NCC suspension. The maximum volume change due to the addition of 2 M solution was 
2.5%, which was assumed to have negligible variation in salt concentrations of prepared NCC 
suspension. Table 1 shows salt types and salinities.  
Table 1 Summary of salt types and salinities 
Anions NaAate, NaCl, NaNO3, NaSCN, NaClO4 
Cations LiCl, NaCl, KCl, NH4Cl, (CH3)4NCl 
Salinities  1mM, 5mM, 10mM, 25mM, 50mM 
3.2 Rheological Measurement 
An Anton Paar MCR502 rheometer equipped with parallel plate geometry (diameter=50mm. 
gap=0.1mm) was used to measure samples at room temperature, 
Steady shear flow curves were generated for each sample in the shear range of 0.1 s-1 to 100 
s-1. Small amplitude oscillatory measurements were conducted at frequency range of 0.1 to 
100 rad/s. 0.5% stain was used to maintain samples in the linear viscoelastic region. All 
measurements are performed at 25oC.  
3.3 Zeta Potential 
Zetasizer Nano ZS (Malvern Instrument) was used to measure the electrophoretic mobility of 
NCC particles in suspension at different salt concentration via dynamic light scattering method. 
Zeta (ζ) potentials were obtained from converting mobility values via Smoluchowski equation. 
Each sample was tested for 3 times with 10 runs per measurement.  
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4 Results and Discussion  
4.1 Moduli 
The ionic strength effect on the rheology of NCC suspension with different salts generally 
follows a trend that the suspension changes from viscoelastic liquid to viscous liquid and then 
to viscoelastic solid.  
Taking sodium acetate as an example that for the influence of NaAc. The storage (G’) and loss 
(G’’) modulus of samples with sodium acetate are shown in Figure 16. The samples without 
salt show viscoelastic fluid behaviour as the slope of storage modulus and loss modulus-
frequency curve is smaller than 1.  The samples with a NaAc concentration up to 5mM have 
higher G’’ than G’, which means these samples behave predominantly as viscous fluids. The 
storage modulus-frequency curves of low added salt samples have slopes which are nearly 1, 
which means more liquid behaviour. At salt concentrations of 10mM, 25mM, and 50mM, an 
elastic behaviour is dominants that G’’ < G’. For 50mM of NaAc concentration, G’ is 
independent on frequency indicating a stiff gel behaviour.  
 
Figure 16 Storage (G’) and loss (G’’) modulus of 5%wt NCC suspensions with NaAc at different concentration. 
In order to analyse the specific ion effects in moduli, 9 types of salts are classified into two 
groups. One of the group includes NaAc, NaCl, NaNO3, NaSCN, and NaClO4, which contain 
sodium ion and different anions, and the other group includes LiCl, NaCl, KCl, NH4Cl, and 
(CH3)4NCl, which contain chloride ions and different cations.   
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4.1.1 Anions 
The storage (G’) and loss (G’’) modulus of samples with NaClO4, NaNO3, NaCl, NaSCN are 
shown in Figure 17. 
 
 
Figure 17 Storage (G’) and loss (G’’) modulus of 5%wt NCC suspensions with NaCl(a), NaNO3(b), NaSCN(c), and 
NaClO4(d) at different concentration. 
The influence of NaNO3, NaCl, NaSCN, and NaClO4 shows similar trends with NaAc that the 
suspension shifts to liquid-like behaviour at low salinities (<10 mM), while transits to solid-like 
response at higher salinities.  
The dependence of storage modulus for 5 different salts (NaAc, NaCl, NaNO3, NaClO4, and 
NaSCN) fall into 2 different trends as shown in Figure 18. For NaAc and NaCl, the storage 
modulus shows a significant increase when salinity is over 5 mM, reaching ~1000 Pa at 50mM 
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salinity. The addition of NaNO3, NaSCN, and NaClO4 gives less significant increases of G’ 
comparing to NaAc and NaCl, forming weaker gels with G’ ~200 Pa at 50mM salinity.    
 
Figure 18 Storage modulus (G`) at frequency of 5.465 rad/s as a function of salt concentration (anions). 
Based on literature review, the effects of anions in negatively charged colloidal suspensions 
are only determined by anion locations in the Hofmeister series. Associated with Figure 9, 
these phenomena can be explained by the different ion effect on the stability of colloid in 
aqueous suspension. Ac- and Cl- are on the left side of Hofmeister series and are kosmotropes 
while NO3-, SCN-, and ClO4- on the right side and are as chaotropes. Ac- and Cl- have stronger 
interaction with water molecules and are more likely to be hydrated, prohibiting the hydration 
of NCC colloids in the suspensions, which consequently reduces the NCC’s stability causing 
aggregation and subsequently phase separation. Comparing with Ac- and Cl-, NO3- , SCN-, and 
ClO4- are more weakly hydrated with water molecules, so they promote the disparity and 
reinforce the stability of NCC colloids. Phase separation can be suppressed by NO3- , SCN-, and 
ClO4-. 
Figure 19 shows loss and storage modulus of 5%wt NCC suspensions with salts as a function 
of frequency. The G’ > G’’ are seen in curves of samples with 25mM NaAc, NaCl, NaNO3, and 
NaClO4. The non-zero but small slopes of G’ of these four samples indicates a viscoelastic solid 
behaviour.  G’ of sample with 25mM NaSCN is almost overlap with G’’, which means it behaves 
predominantly as a viscoelastic fluid or at a near liquid-solid transition state. Considering the 
position of SCN- in Hofmeister series, this phenomenon is reasonable. SCN- is a strong 
chaotrope which promotes dispersion of particles, reinforce stability of suspensions and 
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therefore prevent phase separation. Consequently, gel formation due to phase separation is 
suppressed. 
 
Figure 19 Storage modulus and loss modulus at 25mM salinity as a function of frequency (anions). 
At 50mM salinity, G’-frequency curves of 5 samples are parallel and have a nearly zero slop, 
indicating a gel behaviour Figure 20. Substantial difference in gel strength is seen in NCC gels 
prepared with different salts. Sample with NaAc has highest G’ around 800Pa, and samples 
with NaClO4 or NaSCN have the lowest G’ at around 100Pa. It shows that NaAc can produce a 
stronger gel while gel from NaSCN has lower elasticity. It proves the feasibility of altering gel 
properties by changing salt type 
 
Figure 20 Storage modulus and loss modulus at 50mM salinity as a function of frequency (anions). 
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4.1.2 Cations 
Figure 21 shows storage (G’) and loss (G’’) modulus of 5%wt NCC suspensions with LiCl(a), 
KCl(b), NH4Cl(c), and (CH3)4NCl(d) at different concentrations. The influence of LiCl, KCl, NH4Cl, 
and (NH3)4NCl shows similar trends with anions, the suspension changes to liquid-like 
behaviour at low salinities while to solid-like response at higher salinities. However, according 
to literature review, the specific effects of cations are anticipated to be more complex than 
anions.  
In terms of the Hofmeister series, Li+ is a strong kosmotrope, which means a high potential to 
destabilize the suspension at low salinities and to subsequently produce a strong gel. However, 
as shown in Figure 21 and Figure 17 (a), suspensions with LiCl shows an apparent solid-like 
behaviour (G’>G’’) at a high salinity than that with KCl or NaCl.  
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Figure 21 Storage (G’) and loss (G’’) modulus of 5%wt NCC suspensions with LiCl(a), KCl(b), NH4Cl (c), and 
(CH3)4NCl(d) at different concentration. 
The dependences of storage modulus on salinity for 5 different salts (LiCl, NaCl, KCl, NH4Cl, 
and (CH3)4NCl) fall into 2 different trends as shown in Figure 22. For NaCl and KCl, the storage 
modulus shows a significant increase when salinity is over 5mM, reaching ~ 600 Pa at 50mM 
salinity. Adding NH4Cl results in a less significant increase of G’, forming weaker gels with G’ 
~400 Pa at 50mM salinity. The build-up of storage modulus in samples with LiCl and (CH3)4NCl 
is more gradual forming weak gels at high salinities.  
 
Figure 22 Storage modulus (G`) at frequency of 5.465 rad/s as a function of salt concentration (cations). 
Figure 23 shows loss and storage modulus of 5%wt NCC suspensions with salts (cations) as a 
function of frequency. The G’ > G’’ are seen in curves of samples with 25mM NaCl, KCl, and 
NH4Cl. The non-zero but small slopes of G’ of these three samples indicates a viscoelastic solid 
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behaviour. G’ of sample with 25mM LiCl is almost overlap with G’’, which means it behaves 
predominantly as viscoelastic fluids or at a near liquid-solid transition state.  
 
Figure 23 Storage modulus and loss modulus at 25mM salinity as a function of frequency (cations). 
In Figure 24, at 50mM salinity, G’-frequency curves of 4 samples are parallel and have a nearly 
zero slope, indicating a gel behaviour. Substantial difference in gel strength is seen in NCC gels 
prepared with different salts. Suspensions with NaCl, KCl, NH4Cl and LiCl show a solid-like 
rheological behaviour with G’> G’’ and both of G’ and G’’ are almost independent on 
frequencies. The strength of gels resulted from different types of cation is in an order: 
Na+>K+>NH4+>Li+. The behaviours of samples with LiCl do not obey Hofmeister series. Besides, 
suspensions with 50mM (CH4)3NCl does not show an apparent solid-like behaviour as its G’ 
and G’’ overlap each other with a non-zero slope.  
In order to explain effects of cations in NCC suspension, factors except Hofmeister series 
should be taken into considerations.  
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Figure 24 Storage modulus and loss modulus at 50mM salinity as a function of frequency (cations). 
Associated Figure 11, K+ matches Cl- more than that Na+ and Li+ do due to their water affinities, 
suggesting weaker interaction of KCl with water occurs and phase separation is suppressed. If 
the direct ion-macromolecule interaction is the only factor influencing colloidal stability and 
gel formation, the strength of gel conducted by KCl, NaCl, and LiCl should have an order of 
LiCl>NaCl>KCl. However, according to experimental results shown in Figure 17(a) and Figure 
21 (a) (b), NaCl produced the strongest gel, while LiCl produced the weakest gel.  Therefore, 
the effect of Li+ in gel formation is additionally determined by other mechanisms. 
A possible explanation of the phenomena of LiCl is that Li+ associates with NCC particles via 
electrostatic interactions rather than interacts with water molecules, therefore, phase 
separation is suppressed. The high charge density of Li+ is the reason that enables electrostatic 
interactions between Li+ and NCC particles. The electrostatic interactions may also exist 
between NCC particles and NH4+. 
The large volume of (CH3)4N+ promotes the stability of NCC suspension, and result in low 
degree of phase separation and the gelation is yet occurred with up to salinity of 50mM.  
4.2 Viscosity  
The ionic strength effect on the viscosity of NCC suspension with different salts generally 
follows a similar trend. 
Take sodium acetate as an example for the influence of ionic strength on the viscosity. Figure 
25 (a) shows steady shear viscosity curves of 5%wt NCC suspensions with different 
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concentrations of NaAc. Figure 25 (b) shows viscosity of 5%wt NCC suspensions as a function 
of salinity with different shear rate. Low salinity samples show generally Newtonian fluid 
behaviour, as the viscosity does not change significantly with shear rate. A slight shear 
shinning region can be seen at high shear rate which is resulted from the alignment of rods 
against the flow direction[31].  
The viscosity generally shows a decrease at low salinity and an increase at high salinity. Note 
that in low shear region, the NCC suspension with 1 mM salt have a higher viscosity than that 
of the suspension with zero salt added. As shown in Figure 25 (b), with salinity increases from 
0 to 1mM, viscosity increases at low shear rate and decreases at high shear rate. The possible 
reason of this phenomena is that the viscosity of NCC suspensions at low salinity can be a 
result of a two-fold origin. On one hand, salt can reduce the effective volume of colloids by 
compressing surface layer, leading to a decrease in viscosity. On the other hand, such a 
reduction in volume fraction can also lead to the transition from liquid crystal to isotropic state. 
At around transition point, the isotropic phase has a higher viscosity. At low shear rates, the 
viscosity of a colloidal suspension depends more on its initial physical states. As a result, the 
low-shear viscosity of NCC suspensions with low salinities 1 or 5mM is higher than that of 
suspensions with zero added salt. At high shear rates, however, rods start to align to the flow 
direction that the initial structure has been broken, the viscosity at this condition is 
determined mainly by the effective volume fraction of NCC rods. Therefore, samples with 
5mM salinity show a lower high-shear viscosity comparing to that with zero added salt.   
 
Figure 25 The viscosity of 5%wt NCC suspensions with NaAc as a function of shear rate (a) and salinity (b). 
Sample of 5 mM salinity provides the lowest viscosity. The reduction of viscosity may come 
from phase transient from biphasic to liquid crystal.  
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With increase of salinity, samples shows a power-law shear thinning over the whole range 
(above 25mM), which is regarded as gel behaviour[32].  
Figure 26 shows steady shear viscosity curves of 5%wt NCC suspensions with different 
concentrations of NaClO4 (a), and NaNO3 (b).  
 
Figure 26 The viscosity of 5%wt NCC suspensions with NaClO4 (a) and NaNO3 (b) as a function of shear rate. 
Steady shear viscosity curves of NaAc, NaClO4 and NaNO3 show similar trend, samples with 
5mM salinity gave the lowest velocity and sample with high salinity shows gel behaviour. In 
1mM, compared with viscosity of sample with NaAc, the viscosities of samples with NaClO4 
and NaNO3 see more significantly increase at low shear rate (shown in Figure 27). The rapid 
phase transient from liquid crystal to isotropic state of suspensions with NaClO4 and NaNO3 
might be the reason of this phenomena. 
 
Figure 27 The viscosity of 5%wt NCC suspensions with NaClO4 (a) and LiCl (b) as a function of salinity. 
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Steady shear viscosity curves of NaAc and NaClO4 and NaNO3 show similar trend, but samples 
at 25mM salinity of two salts have different behaviours.  With 25mM NaAc, shear thining 
region covers the whole range indicating a gel-like behaviour, while a Newtonian plateau exist 
at low-medium shear rate of 25mM NaClO4 and NaNO3 sample, which indicates an anisotropic 
fluid. This phenomenon is in an agreement with that depicted in Figure 17(b) (d) and Figure 
18 that the chaotropic salt can delay the gelation and consequently the solid behaviour in 
rheology test. 
Figure 28Figure 26 shows steady shear viscosity curves of 5%wt NCC suspensions with 
different concentrations of KCl (a) and LiCl(b). Figure 29Figure 26 shows steady shear viscosity 
curves of 5%wt Similar with NaClO4 and NaNO3, at low shear rate, viscosity of sample with 
1mM LiCl increases a lot (shown in Figure 30).  
 
Figure 28 The viscosity of 5%wt NCC suspensions with KCl (a) and LiCl(b) as a function of shear rate. 
 
Figure 29 The viscosity of 5%wt NCC suspensions with (CH3)4NCl (a) and NH4Cl (b) as a function of shear rate. 
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Figure 30  The viscosity of 5%wt NCC suspensions with LiCl as a function of salinity. 
NCC suspensions with different concentrations of (CH3)4NCl (a) and NH4Cl (b). Sample with KCl 
at 25mM shows behaviour and samples other salts cannot. As shown in Figure 29, viscosity of 
samples of (CH3)4NCl is extreme low. This phenomena is in-line with that depicted in Figure 21 
that the chaotropic salt can delay the gelation and consequently the solid behaviour in 
rheology test. 
4.3 Zeta Potential 
Figure 31 and Figure 32 illustrate zeta potential of NCC suspension as a function of a different 
salt concentrations. Colloid suspensions with an absolute zeta potential above 30mV are 
electrostatically stable. 
4.3.1 Anions 
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Figure 31 Zeta potential of NCC suspension as a function of salt concentrations (anions). 
The effect of 5 sodium salts on Zeta potential can be separated into 2 groups. For NaAc and 
NaCl, when the salinity is above 10mM, the NCC particle has an absolute zeta potential less 
than 30 mV, which means NCC suspensions at these conditions are not stable and are likely to 
aggregate leading to a phase separation. The addition of NaNO3 or NaSCN gives a different 
trend. The NCC suspension can maintain its stability over a much wider salinity range. The 
results of zeta potential are in agreement with the theory of the kosmotropes and chaotropes 
series. Ac- and Cl- are kosmotropes, and promote aggregation as they more likely to be 
hydrated with water molecules. NO3- , SCN-, and (CH3)4N-are chaotropes and are more weakly 
hydrated with water molecules, so that phase separation can be suppressed. 
4.3.1 Cations 
The effect of 5 chloride salts on Zeta potential can be separated into 2 groups. For NaCl and 
KCl, when the salinity is above 10mM, the NCC particle has an absolute zeta potential less than 
30 mV, which means NCC suspensions at these conditions are not stable and are likely to 
aggregate leading to a phase separation. The addition of LiCl, NH4Cl, or (CH3)4NCl shows a 
different trend that a plateau exists at salinity of 1mM to 25mM. The possible reason for this 
dependency of zeta potential on salinity could be that the Li+, NH4+ and (CH3)4N+ trend to 
interact with the sulphate group and attach on the NCC surface. This kind of cationic 
adsorption reducing of magnitude of zeta potential at 1mM added salt, which, however, 
protects the NCC particle from the electrostatic screening effect and thus enhance colloidal 
stability. The results of zeta potential agree with the results of complex behaviour in modulus. 
K+ and Na+ promote aggregation as they more likely to be hydrated with water molecules.NH4+, 
Li+, and (CH3)4NCl enhance stability of NCC suspensions, so that phase separation can be 
suppressed. 
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Figure 32 Zeta potential of NCC suspension as a function of salt concentrations (cations). 
4.4 Gel Points 
Horst Henning Winter and Marian Mours gave a possible method to estimate gel point. 
According to their theory, tan (δ) is a constant value over a whole range of frequency due to 
the self-similar relation behaviour at gelling point [24]. tan (δ) is ratio between storage and 
loss modulus (G’’/G’). As shown in Figure 33, several tan δ –NaAc (a) or (CH3)4NCl (b) 
concentrations curves at different frequency are drawn in the same figure, and the 
intersecting point is gel points, 38mM.  tan δ-salt concentrations curves of other 6 salts except 
KCl are also drowned and find the same gel points with NaAc and (CH3)4NCl.   
 
Figure 33 tan of 5%wt NCC suspension as a function with NaAc (a) and (CH3)4NCl (b) concentration.  
Based on the same theory, KCl provides a gel point of 11mM, which is smaller than that of 
other salts. We anticipate that the lower KCl salinity required to form a homogeneous gel 
network (with self-similar relaxation) is due to the different isotropic/nematic transition 
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caused by K+ comparing with other cations. It is reported that the relatively large ion volume 
of K+ promotes the transient of NCC suspension from anisotropic to isotropic [33], and 
homogeneous and random network is more easily to be formed in an initially isotropic system 
rather than in a nematic suspension.  However, other techniques e.g. scatterings would be 
required to confirm this effect.  
 
Figure 34 tan of 5%wt NCC suspension as a function with KCl concentration. 
The similar gelling point derived by self-similar relaxation theory, ca. 40mM, indicate that NCC 
suspensions with different salts gel at a similar salinity. However, Figure 17, and Figure 21 
shows NaCl, NaAc, and KCl can result in an apparent gel-like behaviour at salinities of 10mM, 
and NaNO3, NaClO4, NH4Cl, and (CH3)4NCl can result in an apparent gel-like behaviour at 
salinities of 25mM. This apparent gel-like behaviour at lower salinity is deemed to be the result 
of the macroscopic phase separation forming a metastable biphasic solid (as shown in Figure 
35).   
This state of the suspension can give a solid-like response in rheology test however is not 
deemed to have a self-similar relaxation due to the microscopic heterogeneity. Chaotropic 
salts that prohibit phase separation behave differently by prevent this macroscopic phase 
separation that NaSCN needs a higher salinity close to 40 mM to show a gel behaviour. 
Different kinds of salt can affect the gelation route and result in different apparent rheology 
behave, but not significantly influence the actual gel point defined by a more rigorous theory. 
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Figure 35 The schematic of the metastable biphasic solid (a) and perfect gel (b), black rods mean NCC particles 
that formed structure and grey rods are particles remain to be isotropic. 
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5 Conclusion 
In this work, the impacts of 5 anions (Acte, Cl-, SCN-, NO4-, and ClO4-) and 5 cations (Li+, Na+, 
K+, NH4+, (CH3)4N+) on rheology of 5wt% NCC suspensions are investigated. Steady shear rate 
curves of each sample were generated and oscillatory measurement was conducted by 
rheometer to determine rheological properties of 5wt% NCC suspensions with different 
salinity of 9 type’s salts. Zeta potentials of samples were also measured to reveal the 
electrostatic stability.  
It is found that, the effect of anions and cations are quite different. With 5 types of anions, at 
low salinity, 5wt% NCC suspensions show viscous liquid behaviour, and transfer to elastic 
behaviour above 10mM salinity for NaAc and NaCl, 25mM for NaNO3. At 50mM salinity, all 
samples show gel properties. Both loss and storage modulus vs. frequency curves and steady 
shear curves indicate the liquid-solid transient of NCC suspensions induced by ionic strength. 
The influence of anions on gelation routes can be divided into two groups. Ac- and Cl- promote 
the build-up of solid response by promoting aggregation of colloid and phase separation. By 
contrast, NO3- , SCN-, and ClO4-have reverse behaviour, they suppress phase separation by 
improving stability of suspension.  The results of Zeta potentials also give the same conclusion. 
Besides, the strength of gels resulted from different types of anion is in an order: 
Acte->Cl->NO4->SCN->ClO4-, which obeys Hofmeister series.  
With increase of salinities of cations, 5%NCC suspensions transfers from viscoelastic liquid to 
elastic solid above 10mM for NaCl and KCl, 25mM for NH4Cl and LiCl. Up to 50mM salinity, 
samples with (CH3)4Cl do not show gel properties, as the large volume of (CH3)4N+ promotes 
the stability of NCC suspension significantly.The influence of cations on gelation routes can be 
divided into two groups. Na+ and K+ promote the build-up of solid response by promoting 
aggregation of colloid and phase separation, while Li+, NH4+, and (CH3)4N+ suppress phase 
separation by improving stability of suspension.  The results of Zeta potentials also give the 
same conclusion. Besides, the strength of gels resulted from different types of cation is in an 
order: Na+>K+>NH4+>Li+. The behaviours of samples with LiCl do not obey Hofmeister series 
as high charge density of Li+ promotes association of Li+ and NCC particles and reduce 
hydration of Li+.   
The rigorous gel points of 8 different salts (except KCl) are found to be the same, ac.40mM, 
by the self-similar theory. The apparent gel-like behaviour at 25mM of three samples is 
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deemed to be the result of phase separation resulting in a metastable biphasic solid. Although 
the gel points are independent of salts types, gelation routes can be affected by salt types. KCl 
gives a rigorous gel point of 11mM, which is believed due to the complex isotropic/nematic 
transitions.  
The results of current work demonstrate how salt types influence gel formation in NCC 
colloidal suspensions.  
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6 Future Work 
We recommend following future work to be conducted on this topic, in order to promote 
current status of this preliminary investigation.  
1. NCC suspensions with more salt concentrations can be produced and tested.   
The gel point of 5%wt NCC suspension has been determined. More salt concentrations should 
be included in experiments. For example, salinities which are close to gel points can be 
conducted to obtain more details about the gelation process of NCC suspensions. High 
salinities of (CH3)4NCl is needed, as current salinities only result in a weak solid-like behaviour. 
 2. Gelation of NCC suspension for a wider range of NCC concentration.  
In this work, only 5wt% NCC samples were tested. However, gelation route of NCC suspensions 
and gel properties can also be altered by changing NCC concertation. More NCC contents are 
needed in order to comprehensively map its phase behaviour. 
3. Polarised optical observations will be applied. 
Polarised optical observations can be a supplement of experimental data, which gives more 
direct viewing of phase transition including liquid crystal of NCC suspensions, and helps 
explain experimental phenomena.  
 
  


